The off-centre instability for impurity ions (Lif , Cu+, and AgC) in alkali halides has been studied theoretically by many authors [I-41. They calculated the minimum-energy configurations for the systems using the following model : constituent ions have a point charge, Born-Mayer repulsion, and polarizability. In their treatments, the polarization effect of ions, especially in the neighbouring halogen around the impurity ion [1] , plays an essential role in the off-centre instability. We shall call the model polarizable-point charge ion (PPCI) model. Though the PPCI model has explained the off-centre instability very well in the case of Lif ion in KC1 and KBr [2, 3] , it has not always succeeded in the other systems; calculations showed that the minimum-energy configurations had always < 11 1 ) symmetry for impurity ions Li+ [2, 31, and CuC and Agf [4] in alkali halides when the instability occurred. But it has been confirmed experimentally that some impurity ions lie in < 110 ) direction away from the on-centre position as for F-in NaBr [5] and Ag+ in RbCl and RbBr [6, 7] .
However, when we probe into the electronic processes involved in the off-centre instability, there is an ambiguous point in the PPCI model. Because the polarizability of ion comes from intra-ionic excitations, the most important electronic processes in the PPCI model would be the intra-ionic excitations of the halogen around the impurity ion. But it seems more plausible that the lowest excited state is a charge transfer excitation (CTE) state around the impurity ions (LiC, CuC, and Ag+) [8] i.e. an electron is removed from a neighbouring halogen and is added into the impurity ion. Such state may be a localized state around the impurity ion [9] because ionization energy of the impurity atoms are larger than that of host alkali atoms. See table I. In the present note, we wish to develop the theory of the off-centre instability on the basis of the CTE model for impurity ions (Lif, C u f , and Ag+) in alkali halides. In order to study the problem, we shall treat a cluster of the form M f Xg in a lattice, where M + signifies the impurity ion with closed shell structure, and X-a halide ion. Total lattice configuration will be expressed by (R,, R . .., R,, . ..), where index 0 represents the impurity ion, indices 1 -6 the neighbouring halogen, and indices 7 the ions in the surroundings. Hereafter we express the total ionic configuration by R. Under such situation EG and EcTE will be obtained as
2 (3) where E, ko, and a are given as follows,
where Zj e expresses the charge of the j-th ion, a, the and adl lung constant, a the nearest neighbour dis-
tance, I, the iononization energy of the impurity ~~( E c T E f 2 & ) ' (1 2) atom, and A, the electron affinity of a halogen atom. Comparing E, (9) with Ho (1) in its expanded form
The repulsion energies will be given using the Born-i.e. H, = (ko/2)~,2 + ..., it is seen that represents
Mayer repulsion between neighbouring ions as stabilization energy of the impurity ion held at the will be assumed to be equal to Ere, for simplicity.
We assume that non-vanishing off-diagonal elements are ones between the ground state and the CTE states. We define the index K as K = o (or n) when the removed p-orbital is parallel (or perpendicular) to the direction from M to Xi i.e. Ri -Ro. The offdiagonal elements are assumed to have the following forms :
Hereafter we call the off-diagonal element Hi, transfer energy, which is proportional to the probability amplitude of the electron exchange between M and X. exchange is not considered, and a the instability parameter : the impurity ion is stable at the on-centre site when a is less than 0.5 but unstable when a is larger than 0.5. In the latter case, the impurity ion is displaced from the on-centre position and is located at the potential minima (off-centre positions). See figure 1. The adiabatic potential energy E, (8) is calculated along ( 111 ), ( 110 ), and ( 100 ) crystal axes. As the lattice constant (= 2 a) increases, the normal lattice site becomes an unstable position for the impurity ion and the lowest potential minimum appears at first along ( 11 1 ) axis, then along ( 110 ) axis, and finally along ( 100 ) axis. Figure 2 shows the off-centre positions along these axes.
Nearest Nelghbour D~s t a n c d a r b . u n~t ) Fig. 2. -The off-centre positions corresponding to the potential minima along the < 11 1 ), < 110 ), and < 100 ) axes for an impurity ion in alkali halide lattices. The full, dashed, and dotted lines correspond to the lowest, the second lowest, and the highest potential minima, respectively. For the parameters needed in this calculation are used arbitrarily chosen values.
Here we comment on the electron exchange processes in the off-centre instability. We can expand E, (8) 
in terms of Hick as
The third term in the expansion is a sum of attractive potential energies between the impurity ion and the neighbouring halides, because EG is less than E C T E .
As Hi, is assumed in the form given in (6), the attractive potential energy has an effective range of (2 t)-'.
Because this attraction arises from the electron exchange, it may be called exchange interaction. The--result that the most stable off-centre position is not always on one and the same direction such as ( 11 1 > as the lattice constant increases, has not obtained in the previous theoretical works [2-41. Our new result may be explained from the assumption that the range of the exchange interaction is independent of the lattice constant, or in other words, it becomes shorter relative to the lattice constant as the latter increases. Because the impurity ion tends to interact with as many neighbours as within the range, it can be stable at the on-centre site when the range is sufficiently long. As the range is getting shorter relative to the lattice constant, stable position of the impurity ion changes from the on-centre to the off-centre positions in the various directions as described above, because the number of the neighbours equi-distant from the off-centre minima decreases in the same order. We will publish applications of the present theory to Cu+ 'ion in alkali halides in the near future.
DISCUSSION
Question. -S. E. KAPPHAN.
Reply. -S. NAGASAKA. How do anisotropic displacements of the nearest Since such displacements are not included in the neighbours (elastic dipole moment) influence the present calculation, I cannot answer for your question. calculation of the potential minima ?
